Background: Ventricular fibrillation and atrial fibrillation are well-known arrhythmias in patients with Brugada syndrome. This study evaluated the characteristics of the atrial arrhythmogenic substrate using the signal-averaged electrogram (SAECG) in patients with Brugada syndrome. Methods: SAECGs were performed during normal sinus rhythm in 23 normal volunteers (control group), 21 patients with paroxysmal atrial fibrillation (PAF; PAF group), and 21 with Brugada syndrome (Brugada group). Results: The filtered P wave duration (fPd) in the control, Brugada, and PAF groups was 113.9 AE 12.9 ms, 125.3 AE 15.0 ms, and 137.1 AE16.3 ms, respectively. The fPd in the PAF group was significantly longer compared to that in the control and Brugada groups (p < 0.05). The fPd in the Brugada group was significantly longer than that in the control group (p < 0.05) and significantly shorter than that in the PAF group (p < 0.05). Conclusion: Patients with Brugada syndrome had abnormal P waves on the SAECG. The abnormal P waves on the SAECG in Brugada syndrome patients may have intermediate characteristics between control and PAF patients.
Introduction
Electrograms (ECGs) in Brugada syndrome are characterized by ST segment elevation in leads V 1 -V 3 with a right bundle branch block pattern. These conduction abnormalities can cause nocturnal sudden cardiac death as a result of ventricular arrhythmias. 1, 2 Mutations of the sodium channel gene have been reported in Brugada syndrome. [3] [4] [5] In cardiac sodium channel disease, electrical abnormalities may exist in the atrial myocardium as well as in the ventricular myocardium. Atrial fibrillation (AF) has been reported to frequently occur in patients with Brugada syndrome, 6, 7 and atrial vulnerability is increased. 6, 7 The signal-averaged ECG (SAECG) can detect subtle abnormalities of the intra-ventricular and intra-atrial conduction, identifying patients at risk for developing ventricular arrhythmias 8, 9 and AF. [10] [11] [12] [13] [14] In Brugada syndrome, there is a high incidence of late potentials in the QRS segment, which is evaluated by the filtered QRS wave duration (fQRSd) on the SAECG and is well known. [15] [16] [17] [18] Moreover, compared to patients without paroxysmal AF (PAF), the filtered P wave duration (fPd) is prolonged in patients with Brugada syndrome. 7 However, to date, the characteristics of the fPd in patients with Brugada syndrome compared that of the fPd in those with PAF remains unclear. We hypothesized that the atrial arrhythmogenic substrates in patients with Brugada syndrome were different from those in the control and PAF patients. To investigate this hypothesis, we used the SAECG to investigate the fPd.
Methods

Study population
Sixty-five subjects without organic heart disease were included in this retrospective study. The subjects were divided into three groups. Twenty-three normal volunteers without PAF served as the control group and 21 with documented symptomatic PAF were included in the PAF group. The duration of an AF history among the patients in the PAF group was 3.8 AE 2.1 years (1 to 8 years). All PAF patients had symptoms of palpitations only once or twice a year, and had no episodes of visiting a hospital. The AF duration was the estimated duration, which was not the interval from the first diagnosis of AF, but one from the first episode of palpitations. Therefore, the patients in the PAF group had no history of medications or AF ablation. The remaining 21 patients with Brugada syndrome were assigned to the Brugada group. Brugada syndrome was defined based on the typical ECG signs, which featured a right bundle branch block pattern and spontaneous documented ST segment elevation (coved-and/or saddle backtype) in the right precordial leads (V 1 -V 3 ). A gene test for SCN5A mutations in the Brugada group was not performed in this study. Of the Brugada group patients, 10 had suffered from syncopal episodes and 11 had no symptoms. Two patients had a history of documented PAF. The Ethical Committee of Human Investigations at our institution approved the study protocol.
Clinical characteristics
The clinical characteristics are shown in Table 1 . There were no significant differences among the three groups regarding the age, sex, cardiothoracic ratio on the chest X-ray, left atrial dimension, or ejection fraction measured by the two-dimensional ultrasound cardiography.
SAECG recording
Recordings were performed in a shielded room to minimize any noise. We used a multi-purpose ECG (VCM-3000, Fukuda Denshi CO., Tokyo, Japan) and micro-potential preamplifier (VL303, Fukuda Denshi CO., Tokyo, Japan) for the SAECG recordings using a modified X, Y, and Z lead system. 19 The X lead was placed between the shoulders, in a similar position to the standard lead I. The aVF lead was used as the Y lead. The Z lead was positioned on the precordial center line in the fifth intercostal space. The potential signals obtained through the X, Y, and Z leads were amplified by 1000 times. All signal data were identified using P wave template matching. The P wave-triggered signals of 250 beats during sinus rhythm, excluding any supraventricular or ventricular premature contractions, were integrated without filtering.
11,14
After integration, the noise level was <1 mV. The values are presented as the mean AE SD or n (%). PAF, paroxysmal atrial fibrillation; CTR, cardiothoracic ratio. LAD, left atrial dimension; LVEF, left ventricular ejection fraction.
SAECG analysis
For the SAECG analysis, the averaged P wave-triggered signals were filtered through a Butterworth band pass filter at 40-300 Hz, according to the conventional method.
11,14 A spatial vector magnitude ECG was compiled with the X, Y, and Z leads. A computer cursor was used to identify the onset and offset of the P waves. The onset and offset of the P waves were defined as the point at which the voltage of the atrial signal exceeded 1 mV in the TP segment and the point at which the voltage returned to the 1 mV level, respectively. The fPd was measured for the analysis of the P waves.
Electrophysiological study
An electrophysiological study (EPS) was performed in 17 of the 21 patients in the Brugada group. Quadripolar catheters were placed at the high right atrium (HRA) and right ventricular (RV) apex or outflow tract through the right femoral vein. Programmed ventricular stimulation was performed with 1-3 extrastimuli from the right ventricular apex or outflow tract at basic cycle lengths of 600 or 500 and 400 ms. The S2, S3, and S4 were decremented to the effective refractory period (ERP) or 200 ms. Programmed atrial stimulation with a single extrastimulus from the HRA was also performed in 14 out of 17 patients at basic cycle lengths of 750 or 600 ms. The S2 was decremented to the ERP or 200 ms.
Statistical analysis
All data are expressed as the mean AE SD. Student's t-tests were used to compare the variables and a p value of < 0.05 was considered statistically significant. Fig. 1 shows representative examples of the fPd in the three groups. The mean fPd in the control, Brugada, and PAF groups was 113.9 AE 12.9 ms, 125.3 AE 15.0 ms, and 137.1 AE16.3 ms, respectively (Fig. 2) . The fPd in the PAF group was significantly longer than that in the control (p < 0.01) and Brugada groups (p < 0.05). The fPd in the Brugada group was significantly longer than that in the control group (p < 0.05) and significantly shorter than that in the PAF group (p < 0.05).
Results
SAECGs in the three groups
SAECGs in the subgroups of the Brugada group
The fPd values for the subgroups in the Brugada group are shown in Fig. 3 . Of the 21 patients in the Brugada group, 17 underwent an EPS. Eleven patients had induced ventricular fibrillation (VF), and an implantable cardioverter defibrillator (ICD) was implanted in those patients. In 11 patients with induced VF, five had a coved-type ST segment elevation and six a saddle-back type ST segment elevation. Four patients had no history of syncope while seven suffered from syncope. The fPd in the patients with and without a history of syncope was similar (122.7 AE 18.2 ms, 127.3 AE 12.3 ms; p = 0.5), and there was no significant difference in the fPd between the patients with and without induced VF (127.0 AE 16.7 ms, 122.4 AE 14.3 ms; p = 0.2) (Fig. 3A and B) . Among the 11 patients without a history of syncope, five had a coved-type STsegment elevation and six a saddletype ST segment elevation. On the other hand, two had a coved-type ST segment elevation and eight a saddle-back type ST segment elevation among 10 patients with syncope. The ECG in the patients with Brugada syndrome, which was performed at the same time as the SAECG, exhibited a coved-type STsegment elevation in seven and a saddle back-type ST segment elevation in 14 patients. There was no significant difference in the fPd between the patients with a covedtype or saddle back-type ST segment elevation (127.9 AE 17.5 ms, 123.7 AE 14.4 ms; p = 0.6) as shown in Fig. 3C .
AF was induced in 4 of 14 patients (29%). There was no significant difference in the fPd (114.5 AE 7.6 ms vs 124.9 AE 16.8 ms; p = 0.2) between the patients with and without induced AF (Fig. 3D) . All four patients with induced AF had a saddle backtype ST segment elevation while four had a coved-type ST segment elevation and six a saddle back-type ST segment elevation among the 10 patients without induced AF.
Discussion
Atrial arrhythmogenic substrate of paroxysmal atrial fibrillation
It has been reported that patients with PAF have atrial vulnerability. Tai et al. 20 reported increased delays in the individual potentials of fractionated atrial electrograms during the EPS. Pytkowski et al. 21 reported that the intra-atrial conduction delay after atrial extrastimulus pacing started earlier and the extent of the intra-atrial conduction delay is longer in PAF patients than the control. The P wave on the SAECG can detect subtle abnormalities of the intra-atrial conduction. Previous clinical studies have demonstrated a prolonged fPd in patients with PAF. [10] [11] [12] [13] [14] The mean fPd in patients with PAF was 137 AE 16 ms in the present study, which was similar to the 137 AE 14 ms reported by Fukunami et al. 11 and 135 AE 8 ms reported by Stafford et al. 13 Thus, an atrial arrhythmogenic substrate has been demonstrated in patients with PAF.
Ventricular arrhythmogenic substrate in Brugada syndrome
Mutations in the SCN5A gene, which is the gene encoding for the a subunit of the sodium channels, have been discovered in patients with Brugada syndrome. 5 SCN5A causes slow recovery of the sodium channels from an inactive state, which contributes to a conduction delay at the ventricular level. Late potentials in the QRS segment on the SAECG are known to reflect a ventricular arrhythmogenic substrate in Brugada syndrome. [15] [16] [17] [18] 22 The Fig. 2 . The mean fPd of the control, Brugada, and PAF groups was 113.9 AE 12.9 ms, 125.3 AE 15.0 ms, and 137.1 AE16.3 ms, respectively. The fPd in the PAF group was significantly longer than that in the control group (p < 0.01) and Brugada group (p < 0.05). The fPd in the Brugada group was significantly longer than that in the control group (p < 0.05) and shorter than that in the PAF group (p < 0.05).
The abbreviations are the same as those in Fig. 1 .
mechanism of the late potentials and fractionated potentials is estimated to be abnormal repolarization within the anterior aspect of the RV epicardium in experimental models of Brugada syndrome, 23 which causes ventricular arrhythmias.
Atrial arrhythmias in Brugada syndrome
A high incidence of AF (6%-39%) in patients with Brugada syndrome has been reported in previous studies. [24] [25] [26] [27] [28] Sacher et al. 26 found that 32 of 220 patients with Brugada syndrome and an ICD had supraventricular arrhythmias, and AF was observed in 23 patients (10%). Itoh et al. 27 reported that PAF occurred in nine of 30 patients (30%) with Brugada syndrome. Bordachar et al. 28 reported that the incidence of atrial arrhythmias in patients with Brugada syndrome was 20% (12 of 59 patients); during a median follow-up term of 32 months 10 patients presented with PAF, one with atrial flutter, and one with both PAF and atrial flutter. In the present study, two of 21 patients (10%) had a history of PAF.
Atrial vulnerability of Brugada syndrome
It has been reported that mutations of SCN5A increase the atrial vulnerability in Brugada patients without PAF, and was demonstrated using an EPS. Morita et al. 6 found a more increased C. There was no significant difference in the fPd between the patients with a coved-and saddle back-type ST segment elevation (127.9 AE 17.5 ms, 123.7 AE 14.4 ms; p = 0.6). D. There was no significant difference in the fPd between the patients with and without induced AF in the EPS (114.5 AE 7.6 ms, 124.9 AE 16.8 ms; p = 0.2). AF, atrial fibrillation; VF, ventricular fibrillation Other abbreviations are the same as those in Fig. 1 .
interatrial conduction time, increased repetitive atrial firing and AF inducibility, and prolonged duration of the atrial potentials in Brugada syndrome patients than that in the control patients. EPSs in other patients with Brugada syndrome demonstrated an atrial vulnerability, including an AF inducibility, 7,29 increased intra-atrial conduction time 30 and increased dispersion of the atrial potentials. 29 In this study, AF was induced in 4 of 14 patients (29%) and the AF induction rate was lower than that in the previous studies. Some studies have reported AF inducibility in half of the patients with Brugada syndrome. 6, 7, 29 Programmed atrial stimulation with single extrastimuli from the HRA was performed at a basic cycle length of 600 ms or 750 ms. Other previous studies performed atrial extrastimulation at basic cycle lengths of 400 or 500 ms in addition to 600 ms, 7,29 which might be the reason for the higher AF induction rate compared to that in our study. The same basic cycle length of 600 ms in Norihisa et al.'s report 30 showed a lower AF induction rate (35%), which was similar to that in our study.
The fPD in Brugada syndrome
The fPD in Brugada syndrome has been reported to be longer than that in control patients. 7 However, the relationship of the fPD between the Brugada and PAF groups remains unclear. In the present study, the relationship of the fPd between the control, Brugada, and PAF groups was demonstrated. To the best of our knowledge, this is the first study to clarify this relationship. The mechanism of the longer fPd in Brugada syndrome has not been accurately elucidated. A previous study reported that one of the factors affecting the P wave Duration was the intra-atrial conduction time. 31 The intra-atrial conduction delay in patients with Brugada syndrome was longer than that in the control patients. 32 The incidence of AF in this syndrome has been reported to be 6% to 39%. [24] [25] [26] [27] [28] Therefore, the presumption that a sodium channel dysfunction might exist in the atrium as well as the ventricle was based on the results of the longer fPD on the SEACG, intra-atrial conduction delay, and high incidence of AF described above.
The characteristics of the subgroups of Brugada syndrome
Previous studies have shown that spontaneous AF is closely linked to documented VF. 28, 33, 34 These findings suggest that the electrophysiological vulnerability increases with the progression of the disease. Moreover, atrial structural remodeling occurs in patients with Brugada syndrome, even in the absence of spontaneous AF. 30 In the present study there was no significant difference in the fPd in the Brugada patients with and without a history of syncope, induced AF or VF in the EPS. Furthermore, there was no difference in the fPd in the Brugada syndrome patients with a coved-or saddle back-type ST segment elevation. Furukawa at el. 35 also demonstrated a prolonged fPd in Brugada patients.
However, there was no significant difference in the fPd of the patients with and without a history of syncope, or a coved-and saddle back-type ST segment elevation. Those findings are similar to those of the present study. Based on the results of the previous studies and present study, the following mechanism is proposed in patients with Brugada syndrome. First, an atrial and ventricular conduction delay may occur, as was demonstrated by the prolonged fPd and fQRSd on the SAECG, and prolonged intra-atrial conduction or intra-ventricular conduction time in the EPS. Second, AF or VF induced by the EPS may occur in the absence of spontaneous AF or VF. The spontaneous occurrence of AF or VF may be the final step in Brugada syndrome. Therefore, an atrial conduction delay, demonstrated using the SAECG or an EPS, may already exist, even in patients without a history of syncope or induced AF or VF in the EPS.
Limitations
This study had two limitations. First, although there is a well known potential correlation with a susceptibility to AF in Brugada patients, the abnormal fPD on the SAECG was not correlated with the development of AF in this study as only two patients had a history of AF. The patient number in the Brugada group was rather small with 21 patients, which might have affected our results. Moreover, this study was a retrospective analysis, therefore, a prospective analysis should be needed to evaluate the development of AF in Brugada patients with an abnormal fPD. Second, a coved-or saddle back-type ST segment elevation was determined by the ECG at the time of the SAECG. There is some temporal variability in the ECGs in Brugada syndrome patients. Therefore, this timing issue could explain the lack of a difference in the fPd between the patients in the Brugada group with the two types of ST segment elevation.
Conclusion
Brugada syndrome is associated with an abnormal P wave on the SAECG. The abnormal P wave identified on the SAECG in patients with Brugada syndrome may have intermediate characteristics between the control and PAF patients.
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What is already known?
Late potentials in the QRS segment evaluated by the filtered QRS wave duration (fQRSd) on the signal-averaged electrocardiogram (SAECG) is well known in patients with Brugada syndrome.
What this study adds?
Patients with Brugada syndrome exhibit abnormal P waves on the SAECG and have intermediate characteristics between the control and paroxysmal atrial fibrillation patients.
